We conducted a phase I study to determine the safety and recommended phase II dose of enzastaurin (oral inhibitor of the protein kinase C-beta [PKCb] and the PI3K/AKT pathways) when given in combination with radiation therapy (RT) plus temozolomide to patients with newly diagnosed glioblastoma multiforme or gliosarcoma. Patients with Karnofsky performance status !60 and no enzyme-inducing anti-epileptic drugs received RT (60 Gy) over 6 weeks, concurrently with temozolomide (75 mg/m 2 daily) followed by adjuvant temozolomide (200 mg/m 2 ) for 5 days/28-d cycle. Enzastaurin was given once daily during RT and adjuvantly with temozolomide; the starting dose of 250 mg/d was escalated to 500 mg/d if 1/6 patients had dose-limiting toxicity (DLT) during RT and the first adjuvant cycle. Patients continued treatment for 12 adjuvant cycles unless disease progression or unacceptable toxicity occurred. Twelve patients enrolled. There was no DLT in the first 6 patients treated with 250 mg enzastaurin. At 500 mg, 2 of 6 patients experienced a DLT (1 Grade 4 and 1 Grade 3 thrombocytopenia). The patient with Grade 3 DLT recovered to Grade <1 within 28 days and adjuvant temozolomide and enzastaurin was reinitiated with dose reductions. The other patient recovered to Grade <1 toxicity after 28 days and did not restart treatment. Enzastaurin 250 mg/d given concomitantly with RT and temozolomide and adjuvantly with temozolomide was well tolerated and is the recommended phase II dose. The proceeding phase II trial has finished accrual and results will be reported in 2009.
T he standard of care for newly diagnosed glioblastoma multiforme (GBM) or gliosarcoma (GS) includes surgical resection followed by radiation therapy (RT) with concomitant temozolomide, an alkylating agent, followed by adjuvant temozolomide. 1 Patients treated with this regimen have a median survival of 14.6 months, and only 1 of 4 patients is alive at 2 years. Currently, all patients receive the same treatment, despite the known molecular heterogeneity of this cancer. In fact, molecular studies have identified numerous alterations in the initiation and progression of brain cancer, and it is expected that this greater understanding of the molecular mechanisms of brain tumors will positively affect prognosis and treatment. 2 These genetic alterations also serve as targets for molecularly targeted therapy, and further improvement in survival may be gained by using therapies based on these mechanisms of action. 3 Enzastaurin is a serine/ threonine kinase inhibitor that selectively targets protein kinase C-beta (PKCb). 4 The PKC family of enzymes is essential to tumor growth, proliferation, and apoptosis. 5, 6 PKCb also lies in the signal cascade of vascular endothelial growth factor (VEGF), up-regulated in most GBMs with concomitant overexpression of VEGF receptor. 7 -9 Inhibition of this pathway by enzastaurin leads to suppression of tumor angiogenesis and growth. 10, 11 PKC activity is also thought to regulate AKT, an anti-apoptotic protein that is also involved in proliferation in GBM. 12, 13 Thus, inhibition of the AKT pathway by enzastaurin may lead to decreased cell growth and increased apoptosis. 4 Preclinical studies demonstrate the antiproliferative and anti-angiogenic activity of enzastaurin in tumor models, including glioma models. 11 In clinical studies, enzastaurin showed promising activity in multiple tumor types and was well tolerated. In the dose-finding study for enzastaurin, no maximum tolerated dose (MTD) was observed up to 700 mg. Based on safety and pharmacokinetic data, a dose of 500 mg/d is recommended. At this dose, the biologically active plasma concentration of 2 mmol/L is achieved at steady state (14 days). Enzastaurin is well tolerated at this dose with no clinically significant Grade 3 or 4 toxicities in healthy volunteers and patients. 14 -16 Recently, Tabatabai et al. 17 evaluated the combination of enzastaurin and radiation in vitro and in vivo, based on inhibition of irradiation-induced VEGF and the anti-invasive properties of PKCb inhibition.
Enzastaurin decreased tumor volume, irradiation-induced tumor satellite formation, upregulation of VEGF expression, and enhanced microvessel density. Enzastaurin thus enhanced the efficacy of RT by preventing unwanted pro-invasive and angiogenic effects and also enhanced temozolomide-induced cell death in GBM cell lines. 17 The results from a phase II study in patients with recurrent high-grade gliomas demonstrated that enzastaurin was well tolerated and suggested antitumor activity. 18 On the basis of these combined promising data, we conducted a phase I/II study of enzastaurin in patients with newly diagnosed GBM or GS. The objective of the phase I portion of the study reported here was to establish the MTD of enzastaurin, administered concomitantly with RT and temozolomide, followed by adjuvant enzastaurin and temozolomide.
Materials and Methods

Patient Eligibility
Eligibility criteria included patients !18 years of age; estimated survival of .12 weeks; Karnofsky performance status !60; and a histologically confirmed, newly diagnosed GBM or GS with a biopsy or resection 5 weeks prior to treatment. Patients must have recovered from the effects of surgery and had adequate organ function. All patients practiced birth control during and for 3 months after treatment.
Exclusion criteria included prior cranial RT, chemotherapy, or carmustine wafers; any anticoagulant therapy (permitted, if required, after starting treatment with careful monitoring); history of any other cancer (except nonmelanoma skin cancer or carcinoma in situ of the cervix) unless in complete remission without therapy for a minimum of 3 years; any significant medical illnesses that could not be adequately controlled or would compromise the patient's ability to tolerate the treatment; and an electrocardiogram demonstrating clinically significant arrhythmia that was symptomatic or required treatment. Patients must have discontinued enzyme-inducing antiepileptic drugs !2 weeks prior to treatment.
All patients or their designated surrogates signed a consent form approved by the participating institution's ethical review board. The study was conducted in accordance with the Declaration of Helsinki and good clinical practices.
Study Design and Treatment Plan
This was a single-institution, phase I, dose-escalation study of enzastaurin administered with temozolomide, during and following RT, in patients with newly diagnosed GBM or GS (Figure 1) . Radiotherapy was administered in 1.8 -2.0 Gy/d fractions for 5 d/wk (1.8 -2.0 Gy Â 30 fractions) for 6 weeks. A total of 45.0 Gy was delivered to the clinical tumor volume, consisting of T2-bright edema plus a 2-cm margin, or, if no edema, the contrast-enhancing lesion plus a 2.5-cm margin. An additional boost of 14.4 Gy was delivered to the gross tumor volume, consisting of the contrast-enhancing lesion plus a 1-cm margin. The dose to the optic chiasm and brainstem was limited to 54.0 Gy, the dose to one or preferably both retinas was limited to 50.0 Gy, and the dose to the cervical spine was limited to 45.0 Gy.
During RT, patients took 75 mg/m 2 oral temozolomide daily, with water, on an empty stomach, followed by a meal and either 250 or 500 mg enzastaurin within 30 minutes after the meal (at the same time each day). Enzastaurin and temozolomide were taken from the night before the first dose of RT to the night before the last dose of RT. At the conclusion of RT, patients took a 14-21 day break from enzastaurin and temozolomide. If 1 of the first 6 patients experienced a dose-limiting toxicity (DLT) and neuro-imaging showed no sign of tumor progression, patients completed one adjuvant cycle (28 days) of enzastaurin (250 mg continued subsequent adjuvant enzastaurin þ temozolomide at the same doses. Adjuvant treatment was planned for 12 cycles (one cycle ¼ 28 days). Patients were discontinued for tumor progression, unacceptable toxicity, and noncompliance. Treatment could continue beyond 12 cycles at the discretion of the investigator and sponsor. Dose escalations were planned in 2 cohorts of 6 patients. The maximum tolerated dose (MTD) of enzastaurin was defined as the dose at which ,33% patients experienced a DLT. Toxicities were graded according to the National Cancer Institute's Common Terminology Criteria for Adverse Events (CTCAE) version 3.0. DLTs were defined as any of the following events occurring during concurrent RT þ enzastaurin þ temozolomide or during the first adjuvant cycle that were attributable to enzastaurin or enzastaurin þ RT and/or temozolomide: Grade !3 thrombocytopenia; Grade 4 anemia or neutropenia; nonhematologic grade !3 toxicity; or Grade 4 radiation-induced skin changes.
In the initial cohort, up to 6 patients were to receive 250 mg enzastaurin during concurrent RT þ enzastaurin þ temozolomide. If !2 of the 6 patients experienced DLTs during RT þ enzastaurin þ temozolomide or during the first adjuvant cycle, then the study would be deemed unsafe and stopped.
If 1 of the 6 patients in cohort 1 experienced a DLT during RT and the first adjuvant cycle, up to 6 more patients were entered in cohort 2 at an escalated dose of 500 mg enzastaurin. The timing of evaluations, dosing, and monitoring were the same as those for cohort 1.
Dose Modifications
Dose modifications were based on the expected toxicities for either temozolomide or enzastaurin. Enzastaurin was omitted for any of the following possibly related events: absolute neutrophil count (ANC) ,0.5 Â 10 9 /L for .7 days, ANC ,1.0 Â 10 9 /L with fever (temperature of 1018F/38.58C), platelet count ,25 Â 10 9 /L, or clinically relevant grade !3 nonhematologic toxicity. If the toxicity resolved to Grade 1 or the patient's baseline, the patient resumed therapy at 250 mg daily. If not, the patient was discontinued. For Grade !3 transaminase elevations that returned to baseline by day 1 of the next cycle, treatment resumed without delay or dose reduction. For patients on 500 mg enzastaurin, the dose was re-escalated to the 500 mg level if the toxicity did not recur after 28 days of therapy at 250 mg.
During RT, temozolomide was reduced to 50 mg/m 2 /d for Grade !3 hematologic toxicity. If a subsequent Grade !3 hematologic toxicity occurred after a dose reduction, temozolomide was discontinued for the remainder of RT. If a dose reduction was required during RT, the dose during the first adjuvant cycle was reduced to 150 mg/m 2 . The dose for subsequent adjuvant cycles was increased to 200 mg/m 2 if no Grade !3 hematologic toxicity occurred during the first adjuvant cycle.
Temozolomide was delayed in the adjuvant cycles until the following criteria were met: ANC !1.5 Â 10 9 /L; platelet count !100.0 Â 10 9 /L; and related nonhematologic toxicities returned to Grade 1 (except for alopecia, nausea, and vomiting). If the hematologic criteria were met, temozolomide was reduced to the next lower dose level. If the ANC remained ,1.5 Â 10 9 /L or the platelet count was ,100.0 Â 10 9 /L at 4 weeks, despite two dose reductions (to 100 mg/m 2 ), temozolomide was discontinued. Patients who experienced Grade !3 toxicity with a dose of 100 mg/m 2 discontinued temozolomide, but continued enzastaurin.
If a Grade 5 event occurred during RT or the first adjuvant cycle, then accrual would be suspended.
Patient Evaluations
A complete history, physical, neurological examination, laboratory tests, and baseline MRI or CT scan were done within 14 days of starting treatment. The attending neuro-oncologist assessed pre-and postoperative imaging to determine the extent of resection. Steroid doses had to be stable for 5 days preceding the MRI.
A complete blood count with differential was performed every 2 weeks during RT and in weeks 3 and 4 of each adjuvant cycle of temozolomide. Chemistry was assessed every 4 weeks. Patients had clinical assessment 4 weeks into RT, 2 -3 weeks after RT, and at the conclusion of each adjuvant cycle. Radiographic assessments were also performed 2 weeks after RT and every 8 weeks thereafter for the duration of treatment. All evaluable tumor sites were assessed using the same techniques as baseline. The Macdonald Criteria were used to evaluate radiological progression. 19 
Pharmacokinetics
Plasma samples were collected for pharmacokinetic evaluation of enzastaurin at steady state, when administered either alone (on day 22 of adjuvant cycle 1) or with temozolomide (day 5 of adjuvant cycle 2), at predose, and 2, 4, 6, and 24 hours postdose. Samples were assayed for enzastaurin and its metabolite, LY326020, using high-performance liquid chromatography with tandem mass spectrometry (LC/MS/MS) as previously described (Advion BioSciences, Inc.). Pharmacokinetic parameters were calculated using noncompartmental methods from the plasma concentration -time profiles of enzastaurin and its metabolite with WinNonlin Enterprise 5.0.1 (Pharsight).
Results
Patient Characteristics
From September 2006 through June 2007, 12 patients were enrolled. The characteristics of the 12 patients enrolled in the study are presented in Table 1 .
Toxicity and MTD
There were no DLTs in the 6 patients treated with enzastaurin 250 mg. Two patients voluntarily discontinued treatment: 1 after 10 adjuvant cycles, who later progressed, and 1 after completing 24 adjuvant cycles. Table 2 lists the clinically relevant drug-related toxicities observed at the 250 mg enzastaurin dose. The most common toxicities were Grade 1 thrombocytopenia, nausea, and constipation. There were no serious adverse events. As of January 2009, the 4 remaining patients in cohort 1 continued on enzastaurin 250 mg/d at !22 cycles (Table 3) .
In cohort 2 (500 mg enzastaurin), 2 of the 6 patients experienced a DLT during the last week of RT: one patient experienced Grade 4 thrombocytopenia and another had Grade 3 thrombocytopenia. The latter patient recovered to Grade 1 thrombocytopenia in less than 28 days and reinitiated adjuvant temozolomide and enzastaurin with dose reductions. The former patient recovered to Grade 1 after 28 days and consequently discontinued treatment. Excluding the DLTs, enzastaurin 500 mg resulted in similar clinically relevant drug-related toxicities as enzastaurin 250 (Table 2 ). Of the remaining 4 patients, 3 eventually discontinued due to progressive disease, whereas 1 patient continued on 500 mg/d enzastaurin (Table 3) .
Enzastaurin 500 mg exceeded the MTD because 2 of the 6 patients experienced a DLT at this dose level; thus, enzastaurin 250 mg was the recommended phase II dose.
Pharmacokinetics
Plasma concentration -time data and dosing information (dose date and time) for pharmacokinetic evaluation were available from 9 patients ( Table 3 ). The maximum plasma concentration for enzastaurin was reached in approximately 4 hours after dosing. The steady-state concentration for enzastaurin and LY326020 was similar between cycles 1 and 2 at the 250 mg dose, indicating that temozolomide does not cause any alteration in enzastaurin disposition. The apparent clearance of enzastaurin was 106 and 92.1 L/h in adjuvant cycles 1 and 2, respectively.
Discussion
In this clinical study, we assessed the safety of oral enzastaurin (either 250 or 500 mg) combined with standard RT and temozolomide and adjuvant temozolomide in patients with newly diagnosed GBM or GS. In general, the combined therapy was well tolerated. There were no significant toxicities in patients treated at 250 mg enzastaurin, and the combined therapy was well tolerated by these patients. Conversely, 2 patients treated at 500 mg enzastaurin experienced DLTs of thrombocytopenia, making enzastaurin 250 mg the recommended phase II dose. Although thrombocytopenia has been reported with temozolomide given concurrently with RT, 20 the attribution to enzastaurin or the combination of temozolomide and enzastaurin is indistinct.
Since this was a phase I study, efficacy was not a primary endpoint. However, objective radiographic tumor responses were assessed. At each dose level of enzastaurin, 3 patients (6 in total) had objective reduction in evaluable disease. Such radiographic responses may indicate activity of the combination regimen. Radiographic response will be formally assessed in the phase II portion of the trial. Additionally, the phase II trial will evaluate whether magnetic resonance spectroscopic imaging and relative Abbreviations: GTR, gross total resection; KPS, Karnofsky performance status; MGMT, O6-methylguanine-DNA methyltransferase; STR, subtotal resection. Table 2 . Drug-related toxicity by dose levels (NCI CTCAE version Epigenetic silencing of the MGMT DNA-repair gene by promoter methylation has been found to be an important prognostic factor in patients with GBM. 21 -23 Prospective validation is required before MGMT methylation can be used for clinical decision-making regarding temozolomide treatment; however, the prognostic significance of MGMT methylation holds promise for tailored therapy according to the molecular profile of an individual's tumor. It is interesting to note that in our study, patients in the 250-mg cohort continued for 10 or more cycles regardless of the methylation of the MGMT promoter (data not shown). The MGMT status and several other potential molecular markers that could affect cellular response to enzastaurin, temozolomide, or RT will be analyzed in the phase II study (the 6 patients in cohort 1 will be included in the phase II analysis).
The pharmacokinetics of enzastaurin and its metabolite, LY326020, were evaluated either alone or in the presence of temozolomide, after RT was completed. As expected, temozolomide had no effect on enzastaurin pharmacokinetics. Exposures of enzastaurin and LY326020 in this study were lower than those observed in a previous phase I study at a similar dose. 15 Formerly, it has been shown that there is a 3-fold increase in enzastaurin exposure in the fed state versus the fasted state. 24 Although patients were instructed to take enzastaurin with food, the lower exposures could be explained by absorption characteristics in these patients that may be similar to those in the fasted state due to the physiological characteristics of these patients (such as difference in gastric pH, motility, stomach emptying time, or fraction absorbed in the different parts of the GI tract). The variability in enzastaurin exposures in this phase I portion of the study was much lower than seen previously (20% in this study when compared with 100% in previous single-agent studies). 15 Since only 6 patients were evaluated in this portion of the study, however, it is possible that the variability may increase after more patients are enrolled.
In conclusion, the combination of enzastaurin with standard RT and temozolomide and adjuvant temozolomide in patients with newly diagnosed GBM or GS is feasible and well tolerated. The toxicity profile of this regimen is similar to that of temozolomide alone, although enzastaurin with temozolomide may lead to additional hematologic toxicity. The recommended phase II dose is 250 mg daily. The phase II portion of this study recently completed accrual at the University of California in San Francisco and we anticipate publication of results in late 2009. A pharmocogenomics study was performed in conjunction with this phase II study that investigated whether the activity of enzastaurin is enhanced in GBM patients with specific molecular signatures (elevated PKC or PI3K/AKT activity). Additional, ongoing, enzastaurin-based, clinical trials in patients with brain tumors will also provide more information on the antitumor activity of enzastaurin and its possible role in brain tumor therapy. 
